
CHAPTER V
COMPETITIVE ADSORPTION OF HEAVY-METAL IONS FROM AQUEOUS 

SOLUTION BY AMIN ATE D POLY CRYLONTTIRLE NANOFIBER MATS

5.1 Abstract

Aminated polyacrylonitrile (APAN) nanofiber mat was a surface 
modification o f  electrospun polyacrylonitrile (e-spun PAN) with diethylenetriamine 
(DETA). It was developed for the removal o f  Ag(I), Cu(II), Pb(II) and Fe(II) from 
aqueous solution. The results showed that adsorbent has the highest adsorption 
capacity for A g(I) and Cu(II) in ions mixture system. The parameters o f  adsorption 
behavior were also investigated, such as pH-value, initial concentration and contact 
time. Langmuir and Freundlich isotherm models were applied to analyze the 
experimental data. Desorption experiments by elution o f  the adsorbent with a nitric 
acid show  that the A PAN nanofiber mats could be reused. A PA N  nanofiber mat has 
been shown to have the potential to be used as an effective adsorbent for the removal 
as w ell as selective recovery o f  heavy metal ions in water or wastewater treatment.

(Keywords: electrospinning, amination, nanofiber, heavy-metal ions removal, 
selective adsorption)
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5.2 Introduction

T h e p r e se n c e  o f  h e a v y  m eta ls  in  in d u str ia l w a s te w a te r  h a s p o se d  m an y  
se r io u s  en v ir o n m e n ta l p ro b lem s d u e to  th eir  n o n -b io d e g r a d a b le  p rop erties  and  
to x ic ity , e v e n  at lo w  co n c e n tr a tio n s  [1 , 2 ] , T h e se  h e a v y  m e ta ls  io n s  are fou n d  in  
v a r io u s  in d u stry  so u r c e s  su c h  as e le c tr o p la tin g , te x t ile , m eta l f in is h in g , ch em ica l 
m a n u fa c tu r in g  an d  sto ra g e  b a tter ies [3 -5 ] . T h e  m o st  c o m m o n ly  trea tm en t m eth o d s  
are p rec ip ita tio n , m em b ran e  p r o c e s se s , e le c tr o ly t ic  r e c o v e r y , liq u id - liq u id  ex tractio n  
an d  so rp tio n  (a d so r p tio n , io n  e x c h a n g e )  [6 -1 0 ] ,  A m o n g  th e se  te c h n iq u e s , ad sorp tion  
is  g e n e r a lly  rega rd ed  as an e f fe c t iv e  an d  e c o n o m ic a l m e th o d  for  w a stew a ter  
treatm en t. A  s e le c t iv e  prop erty  is  the m a in  a d v a n ta g es  o f  ad so rb en t fo r  r e m o v e  m etal 
io n s  w h ic h  d e p e n d  o n  th e  fu n ctio n a l g r o u p (s )  o n  th e ir  su r fa ce  su c h  as th io l, 
im im o d ia c e ta te , a m in e , a m id e , c a r b o x y lic  a c id , h y d r o x y l an d  su lfo n ic  a c id  [11-14J . 
It h a s b een  fo u n d  that an a d so rb en t ca rr y in g  n itr o g e n -b a se d  fu n c tio n a l gro u p s w a s  
e f f e c t iv e  in  th e  a d so rp tio n  or rem o v a l o f  h e a v y  m eta l io n s  [1 5 -1 8 ] .

R e c e n tly , n a n o -m a ter ia ls  are v e r y  in terestin g  in  th eir  d e v e lo p m e n t as  
a d so rb en t d u e  to  their  h ig h  su rfa ce  area  to  un it m a ss  ra tio s. N a n o -a d so r b e n ts , 
in c lu d in g  n a n o b e a d s  [1 9 ] , n a n o c o m p o s ite s  [1 8 , 2 0 ] , m a g n e tic -n a n o  ad so rb en ts  [2 1 ] , 
an d  n a n o fib er  m a ts  [2 2 -2 5 ] ,  h a v e  b e e n  w id e ly  e x p lo r e d . N a n o fib e r  m ats h ave  
attracted  a grea t d ea l o f  a tten tio n  b e c a u se  o f  their  m a n y  a d v a n ta g e s , su c h  as h ig h  
p o r o s ity , h ig h  g a s  p e r m e a b ility , and h ig h  s p e c if ic  su r fa ce  area  per u n it  m a ss , w h ich  
sh o u ld  lea d  to  a h ig h  ad so rp tio n  c a p a c ity . F or e x a m p le , th e  a d so rp tio n  data o f  for  
C u (II )  io n s  o n th e  c h ito sa n  e le c tr o sp u n  n a n o fib er  w ere  ~ 6  an d  ~ 1 1 t im e s  h ig h er  than  
th e  rep orted  h ig h e s t  v a lu e s  o f  ch ito sa n  m ic r o sp h e r e  and th e  p la in  c h ito sa n  [2 4 ],

N u m e r o u s  te c h n iq u e s  for  n a n o fib e r  p ro d u ctio n  are a v a ila b le  su ch  as: 
te m p la te  s y n th e s is , s e lf -a s s e m b ly , so lu t io n  b lo w  sp in n in g , d r a w in g  sp in n in g , and  
e le c tr o sp in n in g  m e th o d s. E le c tr o sp in n in g  te c h n iq u e  is  rep orted  in  s e v e r a l artic les as 
m e th o d  to p r o d u c e  n a n o fib ers . In th is  p r o c e s s , a c o n t in u o u s  strand o f  a  p o ly m er  
liq u id  ( i .e .,  s o lu t io n  or m e lt)  is  e jec ted  th ro u gh  a n o z z le  b y  a h ig h  e le c tr o s ta t ic  force  
o n to  a g ro u n d ed  c o lle c to r  as a  n o n -w o v e n  fib er  m at [2 6 ] , T h e  m o r p h o lo g y  o f  the  
e le c tr o sp u n  f ib ers  d e p e n d s  o n  a n u m b er o f  factors, su c h  a s  so lu t io n  p rop erties,
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p r o c e s s in g  c o n d it io n s , an d  a m b ien t c o n d it io n s  [2 7 , 2 8 ] ,  T h e se  fib e r s  e x h ib it  sev era l  
in terestin g  ch a r a c te r is tic s , e .g .,  a h ig h  su r fa ce  area  to  m a ss  or  v o lu m e  ratio , sm a ll 
in ter -fib ro u s p ore s iz e  w ith  h ig h  p o r o s ity , v a s t  p o s s ib i l i t ie s  for su rfa ce  
fu n c t io n a liz a tio n , e tc . [2 3 , 2 9 -3 1 ] .  T h e se  a d v a n ta g e s  ren d er e le c tr o sp u n  (e -sp u n )  
p o ly m e r ic  fib ers  g o o d  ca n d id a te s  fo r  a  w id e  v a r ie ty  o f  a p p lic a t io n s , in c lu d in g  
c o m p o s ite  r e in fo r c e m e n ts  [3 2 ] , carr iers for to p ic a l or tran sd erm al d e liv e r y  o f  
d r u g s [3 3 ] , and  s c a f fo ld s  for c e l l  and  t is su e  cu ltu re  [3 4 ] , F u rth erm ore, the  
in tro d u ctio n  o f  ap p rop ria te  fu n c tio n a l g ro u p s  o n to  th e  su rfa ce  o f  an  
e le c tr o sp u n n a n o fib e r  m a t a l lo w s  it to  b e  u se d  a s  an a d so rb en t in  w a ste  w ater  
treatm en t [2 2 , 2 3 , 3 1 ] .  P o ly a c r y lo n itr ile  (P A N )  m ic r o fib e r s  h a v e  b e e n  w id e ly  
m o d if ie d  to  c o n ta in  a  p rop er  fu n c tio n a l g ro u p (s )  an d  u s in g  as a d so rb en t for m eta l io n  
r e m o v a l[1 5 , 16, 3 5 ] , b e c a u se  it is  an in e x p e n s iv e  an d  c o m m o n  c o m m e r c ia l p rod u ct. 
A d d it io n a lly , P A N  c a n  e a s i ly  b e  p rep ared  in to  n a n o fib e r  m a ts  b y  e le c tr o sp in n in g  
p r o c e ss .

In th is  s tu d y , a m in a ted  p o ly a c r y lo n itr ile  n a n o fib e r  m a ts  w a s  in v e stig a te d  for  
th e  r e m o v a l o f  s i lv e r , co p p er , iron , and  lea d  io n s  in  a q u e o u s  so lu t io n  under  
c o m p e t it iv e  a d so rp tio n  c o n d it io n . T h e  e f fe c t s  o f  in it ia l p H , c o n ta c t  t im e , in itia l ion  
c o n c e n tr a tio n  o n  a d so r p tio n  o f  th o se  io n s  w er e  s tu d ie d .

5.3 Experimental Details

5 .3 .1  M a ter ia ls
P o ly a c r y lo n itr ile  (P A N ) , w h ic h  c o n ta in e d  9 1 .4  w t%  a cry lo n itr ile  

m o n o m e r  (C H 2= C H C N ) and  8 . 6  w t%  m e th y la c r y la te c o m o n o m e r  
(C H 2= C H C O O H C H 3), w a s  r e c e iv e d  fro m  T h ai A c r y lic  F ib re C o ., Ltd. (T h a ilan d ). 
T h e w e ig h t-a v e r a g e  m o le c u la r  w e ig h t  o f  p o ly m e r  w a s  a b o u t 5 5 ,5 0 0  D a. 
D im e th y lfo r m a m id e  (D M F ; - 9 9 .9 8 %  p u rity ) an d  e th a n o l (L a b -sc a n  A s ia  C o ., L td ., 
T h a ila n d ) w e r e  a n a ly t ic a l reag en t g r a d e .D ie th y le n e tr ia m in e  (D E T A ; - 9 9 %  p u rity) 
and  a lu m in iu m  c h lo r id e  h ex a h y d ra te  (A IC I3 6 H 2O ; - 9 9 %  p u rity ) w er e  p u rch ased  
from  S ig m a -A ld r ic h  ( U S A ) .  S to c k  so lu t io n s  o f  m e ta l io n s  w e r e  prep ared  from  the
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n itrate sa lts  o f  A g (I ) ,  C u (II), P b (II), and F e (II ) .p H  o f  s o lu t io n s  w er e  ad ju sted  b y  
u s in g  0 .1  m o l L _ 1H N 0 3  and  N a O H  so lu tio n s .

5 .3 .2  P rep ara tion  o f  P A N  N a n o fib e r  M a t M o d if ie d  w ith  D ie th y le n e tr ia m in e
A m in a te d  p o ly a c r y lo n it ile  ( A P A N )  n a n o fib er  m a ts  w e r e  prep ared  in a

s im ila r  m eth o d  that rep orted  in  p r ev io u s  resea rch  c o n d u c te d  in  ou r grou p  [2 3 ]. 
B r ie f ly , e le c tr o sp u n  P A N  fib er  m a ts  w ere  fa b r ica ted  from  10 w t%  P A N  in  D M F  b y  
e le c tr o sp in n in g  p r o c e s s , u n d er a  f ix e d  e le c tr ic  f ie ld  o f  15 k V /2 0  cm . T h e  fib er  m ats  

o f  1 2 5 ± 1 0  p m  in  th ic k n e ss  w e r e  ob ta in ed  b y  c o l le c t in g  c o n t in u o u s ly  for  4 8  h. A fter  
that, th e  e le c tr o sp u n  P A N  fib er  m ats  (0 .6  g )  w e r e  p la ced  in to  a  5 0 m L  o f  D E T A  and  
2 .0  g  o f  A IC I3 6 FI2O . T h e  r ea c tio n  tem p era tu re and tim e  w e r e  90°c an d  4  h. T h e  
o b ta in e d  fib er  m a ts  w e r e  w a sh e d  w ith  d is t i l le d  w ater  and  e th a n o l, and  w er e  then  

d ried  in  v a c u o  at r o o m  tem p era tu re  (2 5  ±  1 ๐C ).
5 .3 .3  C h a ra cter iza tio n

M o r p h o lo g ie s  o f  b o th  o f  the P A N  and  the A P A N  n a n o fib er  m ats  w ere  
o b se r v e d  b y  a JE O L  J S M -6 4 0 0  sc a n n in g  e lec tro n  m ic r o s c o p e  (S E M ). E ach  
sp e c im e n  w a s  c o a te d  w ith  a th in  la yer  o f  g o ld  u s in g  a J E O L  J F C -1 1 0 0 E  sp u tter in g  
d e v ic e  prior to  th e  S E M  o b se r v a tio n . T h e d ia m eters  o f  th e  in d iv id u a l f ib er  se g m e n ts  
w ith in  ea ch  sp e c im e n  w e r e  m ea su red  d ir e c t ly  from  th e  S E M  im a g e s  u s in g  
S e m A p h o r e  4 .0  so f tw a r e .N o  le s s  than f if ty  d ia m eters  w e r e  d e te r m in e d  o n  d ifferen t  
f ib er  se g m e n ts  an d  th e  a v era g e  v a lu e  w a s  c a lc u la te d . A  T h e r m o -N ic o le t  N e x u s  6 7 0  
F o u rier -tran sfo rm  in frared  sp e c tr o sc o p e  (F T -IR ) from  K B r  p e lle ts , o p era tin g  at a  
r e so lu tio n  o f  4  c m - 1  and a w a v e n u m b e r  ran g e  o f  4 0 0 0  to 4 0 0  c m -1 , w a s  u sed  to  
ch a ra cter ize  th e  n e a t  and  th e  m o d if ie d  e le c tr o sp u n  P A N  fib er  m ats. P erk in -E lm er  
O p tim a /4 3 0 0 D V  in d u c tiv e ly  c o u p le d  p la sm a  sp ec tr o m e te r  w a s  u se d  th o u g h t ou t the  
m ea su rem en t.

5 .3 .4  A d so r p tio n  B e h a v io r
T h e  a d so rp tio n  o f  m eta l io n s  b y  A P A N  n a n o fib e r  m at w a s  s tu d ied  b y  

b atch  m eth o d . A  0 .0 5 g  ad so rb en t w a s  p la ced  in  2 0  m L  so lu t io n  o f  m ix tu re  o f  10 m g  
L ' 1 o f  ea c h  A g (I ) ,  C u (II ), P b (II) and  F e(II) at p H 5 .T h e  sa m p le s  w e r e  eq u ilib ra ted  in 
sh a k er  bath, o p e r a tin g  at 3 0  ๐c  an d  100  rpm . A fte r  a p er io d  o f  t im e , th e  su p ernatan ts
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w e r e  c o l le c te d  and  q u a n tified  for the a m o u n t o f  m eta l b y  IC P. T h e  e f fe c t s  o f  the p H , 
th e  co n ta c t  t im e , and th e  in itia l m eta l io n  co n ce n tr a tio n  o n  th e a d so r p tio n  ca p a c ity  o f  
th e  A P A N  n a n o fib er  m a ts  w e r e e x a m in e d .

T h e  a d so rp tio n  ca p a c ity  and  p ercen t o f  r e m o v e d  m eta l io n s  b y  
ad so rb en t w a s  c a lc u la te d  b y  th e f o l lo w  e q u a tio n s  [2 2 ]:

=
(C0 -Ct)y 

M ’

and R(%) = (c° ; Ct) X 100
( 1)

(2)

w h ere  c0 and ct are th e  in itia l and th e co n c e n tr a tio n s  at 
p er io d  o f  t im e  o f  th e  m eta l io n s  in  th e  te s t in g  so lu t io n  (m g -L '1) , V  is  th e  v o lu m e  o f  
th e  te s t in g  so lu t io n  (L ), an d  M  is th e  w e ig h t  o f  th e  ad so rb en t ( i .e . ,  0 .0 5  g ).

5 .3 .5  D e so r p tio n  and  R e u sa b ility  o f  A P A N  N a n o fib e r  M at
W h en  a d so rp tio n  eq u ilib r iu m  w a s  rea c h ed , the f ib e r  m a ts  w ere  r in sed  

w ith  d is t ille d  w a ter  to r e m o v e  any resid u a l so lu t io n  an d  w er e  th en  d ried  in  v a c u o  at 
ro o m  tem p era tu re  (2 5  ±  1 °C ). D eso r p tio n  o f  m eta l io n s  w a s  carr ied  ou t b y  u s in g  1M  
H N C E or HC1 a q u eo u s so lu t io n s . T h e  c o n te n ts  o f  th e  f la sk s  w e r e  sh a k en  at 100 rpm  
an d  30°c for  1 h. T h e  io n  c o n cen tra tio n s  in  the s o lu t io n s  w er e  a n a ly z e d  b y  IC P . T h e  
d e so r p tio n  ratio  (Z), in  % ) w a s  c a lcu la ted  as f o l lo w s  [36]:

D% (mg of metal ion desorbed x io o )  
mg of metal ion adsorbed onto fiber mats’ (3)

5.4 Results and Discussions

5 .4 .1  A d so rb en t C h a racter iza tio n s
M o r p h o lo g ie s  o f  th e  n ea t and th e a m in a ted  P A N  n a n o fib e r  m ats  b y  

S E M  im a g e  are s h o w n  in  F igu re 5 .1 . T h e  n eat P A N  n a n o fib er  m a ts  had in d iv id u a l  
d ia m eters  o f  2 1 8  ±  4 5  n m  w ith  sm o o th  su rfa ce  and  u n ifo rm . A fte r  m o d ific a tio n  
p r o c e ss , th e  am in ated  P A N  n an ofib er  m ats  o b ta in ed  are 2 2 6  ±  4 0  n m  o f  d ia m eters  
w h ic h  w a s  s im ila r  to that o f  the n eat P A N  fib ers [2 3 , 2 7 ] , T h ere  w a s  e v id e n c e  o f  
s o m e  a d ja cen t fib er  s e g m e n ts  c o n g lu tin a tin g  to  e a c h  o th er  at to u c h in g  p o in ts . T h e  
rea c tio n  t im e  o f  4  h ou rs is  the o p tim u m  c o n d it io n  that p r e v e n t o f  c h a n g in g  in
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m o r p h o lo g y  o f  f ib er  m at. T h e  p erc e n ta g e  c o n v e r s io n  o f  th e  n itr ile  gro u p  in to  the  
a m id in o d ie th y le n e d ia m in e  gro u p  (Cn , in  % ) o n  th e su r fa ce  th e  m o d if ie d  P A N  fib er  
m ats is  5 4 .1 %  ±  2 .7%  , e s t im a te d  from  f o l lo w  eq u a tio n  [2 2 ]:

a fter  and  b e fo r e  the rea c tio n , Mo is  th e  m o le c u la r  w e ig h t  o f  th e  acry lo n itr ile  
m o n o m e r  ( i .e . ,  53  g .m o r 1) an d  M l is  th e  m o le c u la r  w e ig h t  o f  D E T A  ( i .e . ,  103 g .m o f  
’). T h e  w e ig h ts  o f  th e  sa m p le s  a fter th e  r ea c tio n  w er e  m e a su r e d  u s in g  a  Sartorius B S  
2 2 4 S  d ig ita l b a la n c e , w h ic h  h a s a  m ea su r e m e n t r e so lu tio n  o f  0 .1  m g .

n a n o fib er  m a ts . A fte r  m o d if ic a t io n  p r o c e ss , th e  a d so rp tio n  p ea k s  o f  th e  n eat P A N  
n a n o fib er  m at at 2 2 4 4  and  1 7 3 5 c m -1 d ecr e a se d . T h e se  p ea k s  are c o r r esp o n d in g  to  
th e  s tre tch in g  v ib ra tio n s  o f  th e  n itr ile  gro u p  and  th e  c a r b o n y l grou p  o f  th e  ester  o f  
th e  m e th y la c r y la te  c o -m o n o m e r  [2 3 ] , r e sp e c tiv e ly . O n  th e  o th er h an d , th e  sp ectra  o f  
th e  A P A N  fib er  m a ts  s h o w e d  n e w  a b so rp tio n  b an d s at 3 3 3 9 , 1 6 5 6 , 1 6 0 0 , and 14 8 0  
c m -1 . T h e se  c a n  b e  a s s ig n e d  to  the s tr e tc h in g v ib r a tio n s  o f  the se c o n d a r y  am in e  

( N - H ) ,  th e  a m id in e  grou p  ( N - C = N ) ,  an d  th e  p rim ary  a m in e  (N H 2) an d  th e  b en d in g  
v ib ra tio n s  o f  th e  m eth y l gro u p  o f  D E T A , r e s p e c t iv e ly [1 5 , 3 7 ] , A s  resu lt , it can  b e  
in d ica ted  that b o th  o f  n itr ile  and  ca rb o n y l gro u p  are c o n v e r se d  to  a m id in e  and am id e  
grou p , r e s p e c t iv e ly , w h ic h  is  s h o w n  in  S c h e m e  5 .1 .

4 c h 2 c h | 4 c h 2 c h 4 -  + h 2 n ' / \ / / \ h 2  "ก
l [ I n i  I Jn H C — NH c = 0

S c h e m e  5 .1 . C h e m ic a l r e a c tio n  b e tw e e n  P A N  and  D E T A .

5 .4 .2  E ffe c t  o f  pH
T h e  p H  p la y s  an  im p ortan t r o le  in  m eta l a d so rp tio n  w h ic h  is  rela ted  to  

b o th  the m eta l s p e c ie s  an d  th e  a v a ila b ility  o f  b in d in g  s ite  w h ic h  d e p e n d s  o n  the

F ig u re  5 .2  s h o w  th e  F T -IR  sp ectra  o f  th e  n ea t and th e  am in ated  P A N

C = N  COOCH3
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fu n c tio n a l gro u p  o f  th e  so rb en t [3 8 ] , T h e  m eta l s p e c ie s , M (II); C u (II ), Pb(II) and  
F e(II), are p resen t in  fo r m s o f  M 2+, M ( O H ) + , M ( 0 H ) 2 ( S ) ,  e tc . in  w a te r  [3 9 ], T h e  
s o lu b ility  o f  th e  M ( O H ) 2 (S) is  v ery  h ig h  at p H  ~ 5 .0 ,  so  a large  a m o u n t o f  the M 2+ 

p resen ts  as m a in  sp e c ie s . W h en  pH  is  in cr e a se d  the s o lu b ility  o f  M ( 0 H ) 2 ( S )  d ecrea se  
resu lt in g  in  th e  m a in  s p e c ie s  in  th e  so lu t io n  is  M ( O H ) 2(S) in stead . It c a n  b e  to ld  that 
th e  M 2+ m u st b e  m u ch  m o re  red u ce  at h ig h er  p H , but th e  m ajor p r o c e s s  for  r em o v in g  
th e  M 2+is  th e  p rec ip ita tio n , n o t a d so rp tio n . T o  a v o id  th e p r ec ip ita tio n  o f  m eta l io n s, 
n o  a d so rp tio n  e x p e r im e n ts  w e r e  d o n e  at a p H  greater than 7.

T h e  a d so rp tio n  o f  m eta l io n so n  the A P A N  n a n o fib e r  m a ts  w a s  first 
in v e s t ig a te d  a s  a fu n c tio n  o f  th e  in itia l p H  o f  th e  lO m g L ' 1 m ix e d  m eta l io n s  
so lu t io n . T h e  resu lts  are sh o w n  in  F igu re  5 .3 . T h e  in itia l p H  o f  th e m  w a s  varied  in  
th e  ran ge o f  2 .0  to  7 .0  b y , u s in g  e ith er  0 .1 M  N a O H  or 0 .1 M  H N O 3 for pH  
ad ju stm en t. R e m o v a l o f  A g (I ) , C u (II), P b (II) , and F e(II) in c r e a se s  w ith  in crea sin g  
so lu t io n  p H  and  a m a x im u m  v a lu e  w a s  reach ed  at an e q u ilib r iu m  p H  o f  around 5 .0 . 
A c id  c o n d it io n s  are n o t  fa v o ra b le  d u e  to  a c o m p e t it iv e  a d so rp tio n  b e tw e e n  the H + 
and  th e m eta l io n s. T h e  p ro ton atio n  o f  th e  p rim ary and  th e  se c o n d a r y  a m in e s  o f  the  
D E T A  lig a n d s  g iv in g  a s tro n g  e lec tro sta tic  r e p u ls iv e  fo r c e  to th e  p o s it iv e ly -c h a r g e d  
m eta l io n s  c o u ld  thus e x p la in  th is w e a k  a d so rp tio n  [2 3 ] , O n  further in crea se  o f  pH  
a d so rp tio n  d e c r e a se s  p ro b a b ly  du e to  th e  form atio n  o f  m eta l h y d r o x id e  lead  to  
c h e m ic a l p rec ip ita tio n .

T h ere are m a n y  research  s tu d ied  th e e f fe c t  o f  p H  o n  m eta l io n s  
r e m o v a l b y  d ifferen t a d so rb en ts  [3 8 -4 1 ] , T h e  a d so rp tio n s  w er e  o b se r v e d  in pH  
b e tw e e n  5 an d  6 , g a v e  th e  h ig h e s t  a d so rp tio n  c a p a c it ie s  for  th e se  m eta l io n s  in all 
c a se . A t th e  in itia l c o n c e n tr a tio n  o f  the m eta l io n s  in  the te st in g  s o lu t io n s  o f  10 m g  L' 
', a  pH  o f  5 .0  w a s  s e le c te d  for  su b seq u en t w o rk , as 9 7 .3 5 , 7 3 .9 0 , 5 4 .6 9 ,  and 2 6 .7 6 %  
o f  A g (I ) , C u (II ), P b (II), an d  F e(II) io n s  c o u ld  b e r e m o v e d  from  th e  te s t in g  so lu tio n s .

5 .4 .3  E ffe c t  o f  C o n ta c t T im e
F igu re 5 .4  s h o w s  th e e f fe c t  o f  t o n  th e u p ta k e  o f  A g (I ) , C u (II), Pb(II) 

an d  F e(II)  io n s  from  a q u e o u s  m eta l io n  so lu t io n s . T h e  ad so rp tio n  o f  th e  m eta l io n s  
o n  th e  A P A N  n a n o fib er  m a ts  in crea sed  r a p id ly  w ith  an in itia l in c r e a se  in  th e  co n ta ct  
t im e  ( i .e . ,  h ig h  ad so rp tio n  rate) to  f in a lly  reach  th e m a x im a l, p la tea u  v a lu e  after the
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su b strate  had  b e e n  in  co n ta c t  w ith  th e  C u (II) an d  F e(II) io n s  fo r  a b o u t 5 h  and  w ith  
A g (I )  an d  P b (II) io n s  fo r  ab ou t 1 Oh. T h e  resid u a l co n c e n tr a tio n s  at th o se  co n ta c t  tim e  
w er e  fo u n d  to b e  h ig h e r  b y  m a x im u m  le ss  th an  1%. T h e  a d so rp tio n  o f  m eta l io n s  
o n to  su r fa ce  o f  th e  A P A N  n a n o fib er  m ats o ccu rred  in  tw o  ste p s . In itia lly , the  
a d so rp tio n  w a s  v e r y  fa st b e c a u se  a la rge  n u m b er o f  v a can t su r fa c e  s ite s  are a v a ila b le  
for  a d so rp tio n . In th e  s e c o n d  s tep , a d so rp tio n  rates d e c r e a se d  an d  f in a lly  reached  
e q u ilib r ia . T h is  re su lt  from  th e red u ctio n  o f  a v a ila b le  s ite s  w h ic h  are d if f ic u lt  to  be  
o c c u p ie d  d u e  to  r e p u ls iv e  fo r c e s  b e tw e e n  th e s o lu te  m o le c u le s  a d so rb ed  o n  th e so lid  
su r fa ce  and  th e b u lk  p h a se [3 8 , 4 1 , 4 2 ] ,

T h e  m a x im a l ad so rb ed  a m o u n ts at 2 4  h o f  A g (I )  io n s  w e r e  4 .5 3 ±  0 .2  

m g -g _1(9 2 .8 % ), C u (II) io n s  w er e  3 .6 4 ±  0 .3  m g -g _ 1(7 4 .6 % ), P b (II)  io n s  w er e  2 .0 4 ±
0 .3  m g -g ” 1(4 1 .8 % ), an d  F e(II) io n s  w er e  0 .9 5 ±  0 .2  m g -g “ '(1 9 .5 % ).

5 .4 .4  A d so r p tio n  Iso th erm
T h e  e f fe c t  o f  the in itia l co n ce n tr a tio n  (C o) o f  m e ta l io n s  in  th e  testin g  

s o lu t io n s  o n  th e a d so rb ed  a m o u n ts  o f  th em  o n  the A P A N  n a n o fib e r  m ats w a s  
in v e s t ig a te d  b y  v a r y in g  in itia l c o n cen tra tio n s  (5 -1 0 0  m g  L '1) o f  m ix e d  m eta l io n s  
s o lu t io n s  w ith  th e in it ia l pH  o f  5 .0  and th e resu lts  are rep orted  in  F ig u re  5 .5 . T h e  
a d so rp tio n  iso th erm  is  th e  r e la tio n sh ip  b e tw e e n  th e  a m o u n ts o f  a  su b sta n c e  ad sorbed  
p er u n it  m a ss  o f  ad so rb en t at con sta n t tem p era tu re  and its  c o n c e n tr a tio n  in  the  
e q u ilib r iu m  so lu t io n s . V a r io u s  iso th erm  m o d e ls  h a v e  b e e n  d e v e lo p e d  for  d escr ib e  
h o w  s o lu te s  in teract w ith  the sorb en t, in c lu d in g  L a n g m u ir  an d  F r eu n d lich  [4 3 , 4 4 ] .

T h e  L a n g m u ir  m o d e l w a s  d e r iv e d  to  d esc r ib e  m o n o la y e r  ad so rp tio n  o f  
an  a d so rb a te  o n  a  h o m o g e n o u s , fla t su rfa ce  o f  an  a d so rb en t an d  e a c h  a d so rp tiv e  site  
can  b e  o n ly  o c c u p ie d  o n c e  in  a o n e -o n -o n e  m a n n er , is  g iv e n  b y  [2 1 , 2 2 ]:

Ce
9 e

Çe_ +  J<_
Qm  9 m ’

(3)
w h ere  Ce is  th e  eq u ilib r iu m  c o n c e n tr a tio n  o f  m e ta l io n s  in  th e  te stin g  

s o lu t io n  (m g -L _1) , q e and q m are th e  e q u ilib r iu m  and th e  m a x im a l a d so rp tio n  

c a p a c it ie s  o f  the m eta l io n s  o n  th e ad so rb en t (m g -g -1), an d  K  is  th e  L angm u ir  

c o n sta n t re la ted  to  th e  a ffin ity  o f  b in d in g  s ite s  (m g -L -1). T h e  resu lts  are gra p h ica lly
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sh o w n  F ig u re  5 .6 , th e  v a lu e  o f q m is  tak en  a s  th e  s lo p e  o f  th e  p lo t  o f  Ce / q ev e rsu sC e , 
w h ile  that o f  K L ca n  b e  c a lc u la te d  from  th e  v a lu e s  o f  th e  s lo p e  an d  th e  ^ -in tercep t o f  
th e  p lo t ( i .e . ,  s lo p e /y - in te r c e p t) . T h e  v a lu e s  o f  th e se  p aram eters are su m m a rized  in
Table 5.1.

T h e F r e u n d lic h  m o d e l is  u se d  to d e sc r ib e  th e  a d so rp tio n  o f  an  
ab so rb a te  o n  a  h e te r o g e n e o u s  su rfa ce  o f  an ad so rb en t. T h e  m a th em a tica l e x p r e ss io n  
o f  th e  m o d e l is  g iv e n  a s  f o l lo w s  [2 1 ]:

q e =  K?c l ,n, (4 )

w h ereftrp [m g (l_ 1/")-L I/"-g_I] an d  ท are F reu n d lich  c o n sta n ts . B y  p lo ttin g  

lo g q e a s  a fu n c t io n  o f  lo g  Ce , as a  lin ear  eq u ation ;

l o g q e =  l o g / f F +  ^ l o g C e , (5 )

th e  v a lu e  o f  Kp  is  tak en  a s  th e  a n ti- lo g a r ith m ic  v a lu e  o f  th e  ^ -in tercep t  
and  ท is  th e  in v e r se  v a lu e  o f  th e  s lo p e , w h ic h  w e r e  a n a ly z e d  from  th e  p lo ts  sh o w n  in  
F igure 5.7. T h e  v a lu e s  o f  th e se  p aram eters are su m m a r iz e d  in  T a b le  5 .1 .

A c c o r d in g  to  th e  o b ta in ed  resu lts , th e  a d so rp tio n  data  o f  the fou r  
m eta l io n s  o n  th e A P A N  n a n o fib e r  m a ts  w e r e  fitted  w e l l  w ith  th e  L a n g m u ir  m o d e l, 
as in d ica ted  b y  th e v e r y  h ig h  v a lu e s  o f  th e  c o rr e la tio n  c o e f f ic ie n t  (r 2) in  ran ge o f
0 .9 5 -0 .9 9 . A s  s h o w n  in  Table 5.2, u s in g  th e  L a n g m u ir  m o d e l, th e  m a x im u m  
ad so rp tio n  c a p a c ity  fo r  th e  m e ta ls  can  b e  e s tim a te d  as: 5 3 .4 8 , 3 0 .4 0 , 1 5 .7 5 , and 5 .4 2  

m g  g -1  o f  A g (I ) , C u (II), P b (II) , and F e (II ) , io n s  r e sp e c tiv e ly .
5 .4 .5  D e so r p tio n  an d  R ep ea ted  U s e

D e so r p tio n  o f  A g (I ) , C u (II), P b (II) and  F e (II)  io n s  fr o m  th e  su rface  o f  
th e  A P A N  n a n o fib e r  m a ts  w a s  carried  o u t in  0 .1  M  HC1 or 0 .1  M  H N O 3 a q u eo u s  
so lu t io n  an d  th e  am o u n t o f  m eta l io n s  d e so r b e d  in  1 h  w a s  m ea su red . A s  the resu lts  
in  Table 5.3, th e  m e ta ls  ad so rb ed  in  b a tch  e x p e r im e n ts  w e r e  h ig h  e f fe c t iv e ly  
d eso rp tio n , o v e r  90% , w h e n  0 .1  M  H N C L served  as d eso rb en t.

In ord er to  o b ta in  th e  r e u sa b ility  o f  A P A N  n a n o fib e r  m at, ad sorp tion -  
d eso r p tio n  c y c le  w a s  r ep ea ted  three t im e s  b y  u s in g  th e sa m e  a d so rb en t in  b atch  
ex p er im en t. F rom  F ig u re  5 .6  it can  b e  s e e n  that a fter 3 c y c le s  reu sed , th e  ad sorp tion
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c a p a c it ie s  red u c e d  a b o u t 6 .5 , 11 .4 , 3 5 .3  an d  2 3 .6 %  o f  A g (I ) , C u (II), P b (II) and  
F e (II ) , r e sp e c t iv e ly .

5.5 Conclusions

T h e p resen t s tu d y  p r o v e s  th e  c a p a b ility  and  e f fe c t iv e n e s s  o f  A P A N  
n a n o fib e r  m at a s  an  ad so rb en t for h e a v y  m e ta ls  rem o v a l. A d so r p tio n  b eh a v io r  o f  
A g (I ) , C u (II), P b (II) , and F e (II)  w e r e  a f fe c te d  b y  e x p e r im e n ta l p ara m eters su ch as  
p H , c o n ta c t  t im e , and  in itia l c o n cen tra tio n  o f  io n s  s o lu t io n . It w a s  fou n d  that 
a d so rp tio n  iso th e r m s  w e r e  b etter  d e scr ib ed  b y  L a n g m u ir  m o d e l for  a ll o f  th o se  m eta l 
io n s . T h e  m a x im u m  a d so rp tio n  ca p a c ity  v a lu e s  o f  A g (I )  an d  C u (II) io n s  in  a m ix tu re  
o f  fou r io n  m e ta ls  w ith  A P A N  n an o fib er  m at, e stim a ted  fro m  L a n g m u ir  m o d e l, w ere  
5 3 .4 8  and  3 0 .4 0  m g g ” 1, r e sp e c tiv e ly .
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Table 5.1. L a n g m u ir  and  F reu n d lich  iso th erm  c o n sta n ts  and  co rr e la tio n  c o e f f ic ie n ts  
fo r  th e
a d so rp tio n  o f  A g (I ) ,  C u (II), P b (II) , and  F e (II)  io n s  o n to  A P A N  n a n o fib er  m ats
M eta l L a n g m u ir  m o d e l F reu n d lich  m o d e l

9m
(m g  g '1)

K
(m g L '1)

R 2 K f

(m g  g '1)
ท R 2

A g (I ) 5 3 .4 8 2 .7 5 4 0 0 .9 9 5 1 1 2 .2 3 1 .3 3 0 5 0 .9 8 6 9
C u (II) 3 0 .4 0 2 3 .7 0 5 2 0 .9 8 0 6 1.61 1 .4 6 3 7 0 .9 5 8 8
P b (II) 1 5 .7 5 2 2 .9 0 3 9 0 .9 9 3 5 0 .9 9 1 .6 2 9 2 0 .9 7 3 7
F e(II) 5 .4 2 3 8 .9 2 4 6 0 .9 9 2 7 0 .9 0 1 .5 2 9 1 0 .9 6 5 4



102

Table 5.2 E ffe c t  o f  d if fe r e n t  e lu a n ts  o n  d e so r p tio n  r e c o v e r y  (% ) for  m eta l io n s  
a d so rb ed  o n  A P A N  n a n o fib e r  m ats (N =  3 ).

E lu an t R e c o v e r y  (% )
A g (I )  C u (II) P b (II) F e(II)

1 m o l L ^ H C l 8 8 ±  2 9 8  ±  2 81 ± 2 9 4  ± 2
1 m o l L ' 1 H N 0 3 9 2 ±  2  9 9  ±  1 9 9  ±  1 9 9  ±  1
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Figure 5.1 S e le c te d  S E M  im a g e s  o f  (a ) th e  n e a t  P A N  a n d (b ) A P A N  n a n o fib er  m at  
sy n th e s iz e d  at 9 0  °c w ith  r ea c tio n  t im e  o f  4  h ou rs.
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Figure 5.2 F T IR  sp ectra  o f  (a ) th e  n eat P A N  an d (b ) A P A N  n a n o fib e r  m at 
sy n th e s iz e d  at 9 0  ๐c  a fter  rea c tio n  for  4  hours.
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Figure 5.3 P e r c e n ta g e  o f  m eta l io n s  r e m o v a l at d iffe r e n t p H s. C o n d itio n s:  0 .0 5  g  
ad so rb en t, 2 0  m L  o f  10 m g L _I o f  h e a v y -m e ta l io n s , c o n ta c t  t im e  =  2 4  hours.
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Figure 5.4 P er c e n ta g e  r em o v a l o f  h e a v y  m e ta ls  at d iffe r e n t t im e s . C o n d itio n s: 0 .0 5  g  
ad so rb en t, 2 0  m L  o f  10 m g i c 1 o f  h e a v y -m e ta l io n s , p H  5 .0
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Figure 5 .5  L a n g m u ir  a d so rp tio n  iso th erm  o f  m eta l io n s  for A P A N  n a n o fib er  m ats.



Figure 5.6 L a n g m u ir  p lo t o f  A g (I ) , C u (II), P b (II), and  F e (I I ) io n s  o n to  A P A N  
n a n o  fib er  m a t (p H 5 ), at 30°c
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Figure 5.7 F reu n d lich  p lo t  o f  A g (I ) , C u (II), P b (II), and  F e (I I ) io n s  o n to  A P A N  
n a n o fib er  m at (p H 5 ), at 30°c
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C y c le
Figure 5.8 A d so r p tio n  c a p a c ity  o f  h e a v y  m eta l io n s  o n to  A P A N  n a n o fib e r  m ats after  
rep ea ted  a d so rp tio n  c y c le .
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